We investigate the heavy baryons which arise as solitonic excitations in a "heavy meson" chiral Lagrangian which includes the light vector particles. It is found that the effect of the light vectors may be substantial. We also present a simple derivation which clearly shows the connection to the CallanKlebanov approach.
Introduction
The problem of describing baryons containing heavy quarks (c, b, ...) as Skyrme type solitons may be considered as an extension of the problem of describing strange "light" baryons. An approximation in which the strange quark is considered very heavy was actually discussed some time ago by Callan and Klebanov 1 and others 2 . In this picture one imagines a stationary K-meson to which is bound a nucleon treated as a soliton of the SU(2) × SU(2) effective chiral Lagrangian. Of course it is not clear that the approximation of treating the strange quark as "heavy" is the best one; comparable results may be obtained in other treatments 3, 4, 5 which consider all the baryon octet members on the same footing. On the other hand, it is reasonable to expect that the bound state approach is a suitable one for the baryons containing c and b quarks.
An application to the heavy quark baryons based on a fairly literal extension of refs. 1 − 2 has in fact been given 6 . More recently it has been realized that to go to the heavy quark limit one should do more than just let the heavy mass get large. One should 7 at the same time keep the heavy particle four velocity fixed and impose the Isgur-Wise heavy spin symmetry. This has the consequence that a heavy vector particle should always appear together in a multiplet with the heavy pseudoscalar. The latter feature was not taken into account in refs.1 − 2, 6 and so the problem was recently reexamined in some papers by a San Diego-Caltech group 8, 9 and by a Hanyang-Seoul-Jagellonian-Saclay-Stony Brook group 10, 11 . In the present note we shall consider the problem when the light vectors are included in the chiral Lagrangian. It is known that this makes both the mesonic and solitonic sector more realistic for the light particles. It is also likely to be important for the interaction of the heavy particles with the light ones; for example, the semileptonic D → K * transition appears to dominate over D → Kπ.
In addition, we will give a method of calculation which appears a bit simpler than the previous ones and which makes clearer the connection with ref.
1. This may be of relevance since there is apparently some disagreement between the two groups mentioned above.
Effective Lagrangian
The light part of the effective Lagrangian of pseudoscalars and vectors, L light which we shall employ has been discussed in a number of places; see ref. 12 for details and ref. 13 for an updating of the symmetry breaking part as well as further references. The relevant light fields belong to the 3 × 3 matrix of pseudoscalars, φ and to the 3 × 3 matrix of vectors, ρ µ . It is convenient to define objects which transform simply under the chiral group:
where F π ≈ 0.132 GeV andg ≈ 3.93 for a typical fit. We can do without the explicit form of L light here; it is given in (2.6), (2.7) and (2.13) of ref. 12 (wherein g should be replaced byg). We also do not need the details of the SU(3) symmetry breaking discussed in ref. 13 . Actually we will restrict ourselves to two flavors of light quarks for simplicity.
The new feature associated with the interactions of the heavy meson fields involves the use of a field 14 combining the heavy pseudoscalar, P ′ and heavy vector, Q ′ µ at fixed 4-velocity, V µ :
Note that H is here considered to have dimension of mass. H is a 4 × 4 matrix in the Dirac space and it also carries an unwritten light flavor index. The chiral interactions of H with the light pseudoscalars were discussed in ref. 15 . The extension to including light vectors was given in ref. 16 , which notation we precisely follow here, and in ref. 17 . The total light-heavy interaction terms we shall require are 16 :
where m v ≈ 0.77 GeV is the light vector mass and
Furthermore M is the heavy meson mass. α, c and d are dimensionless coupling constants for the light-heavy interactions. The choice α = 1 corresponds to a natural notion of light vector meson dominance, which is interesting to test. As seems appropriate for an initial treatment, we do not include terms in (2.3) which are higher order in 1/M, contain more derivatives of the light fields or involve light flavor symmetry breaking.
For treating the light baryon as a soliton which gets bound to the heavy meson, we shall need information about the classical soliton solutions of L light . First note the 2 × 2 matrix decomposition of ρ µ :
Then we have (see e.g. ref.
12) the classical "profiles": 6) and ω ic = ρ a 0c = 0. The boundary conditions for a finite energy baryon number one solution are:
Typically, the opposite sign is taken for F (0) as a kind of convention but the sign choice above gives the correct sign for both axial vector current and vector current matrix elements 18 .
Overview of the approach
The first step in the bound state approach is to find the channel in which the potential between the heavy meson and the nucleon as soliton is maximally attractive. Of course in order to get a positive parity heavy baryon we should consider the orbital angular momentum l to be unity. In ref. 1, the attraction is found in the state with l = 1 and grand spin, G = 1 2
. The grand spin is the sum of the isotopic spin of the heavy meson, I and the angular momentum, J; it enters in the first place because the Skyrme soliton ansatz, given in (2.6), mixes the isospin and ordinary spaces. We would like to display a suitable wavefunction for the heavy meson,H in the l = 1, G = 1 2 channel. First note from (2.2) that when we specialize the heavy meson to be at rest (V i = 0), the 4 × 4 matrixH has non-vanishing elements only in the lower left 2 × 2 subblock. The first index of this submatrix represents the spin of the light degrees of freedom within the heavy meson while the second index represents the spin of the heavy quark. Furthermore there is the unwritten bivalent isospin index. Specializing to this subblock we then write theH wavefunction as:
Here, the radial wave function, u(r) is taken in the first approximation to be localized at the origin, r 2 u 2 (r) ≈ δ(r). Note that the quantityx represents the angular part of the space wave function and the first factor couples it to the isospin index, b to give G = 1 2 . In turn this is coupled to the light spin index, l with the Clebsch-Gordan coefficient
ǫ ld to give G = 0. Finally, the heavy spin index, h is left uncoupled (as appropriate to the heavy spin symmetry) to give the desired net result G = 1 2 . To see that the wavefunction (3.1) gives attraction we consider the matrix element of the "potential" obtained from (2.3):
where only the d term has been shown for simplicity. Substituting in (3.1), p i from (2.4) and (2.6) as well as
Noticing that the object within the curly brackets is simply 1 2 (τ i ) cd we easily get
This provides an attractive force in the l = 1, G = 1 2 channel since F ′ (0) > 0 and d is also expected to be positive. We will give the contributions to V from the first and third terms in (2.3) in the next section; they do not appear to change the attraction to repulsion. However if we were to replace the Clebsch-Gordan coefficient in (3.1) by δ l1 δ d1 , which corresponds to coupling everything but the heavy quark spin to G=1, we would find that the − and repulsion. This is in agreement with refs. 8 − 9; in our approach thex · τ factor appears in a very natural way and also there is no need to introduce a collective rotation factor at the present stage.
The next step is to introduce collective coordinates by allowing those constant transformations which leave the Lagrangian invariant to depend on time. First consider the soliton "rotational" modes, 19 A(t); these are defined from the transformations
whereH bound is effectively the wavefunction in (3.1) and A(t) acts on its isospace index. Defining the angular velocity, Ω by
gives an additional contribution to the Lagrangian of the general form 1 : 6) in which K and χ represent spatial integrals over the profiles in (2.6) while G H , to the accuracy of interest, is the expectation value of the heavy particle grand-spin, G H = τ /2 + · · · . Note that at the collective Lagrangian level, as discussed in ref. 1, the angular momentum of the heavy field is represented by its grand-spin while the heavy field isospin is transmuted to zero. From (3.6), with the soliton angular momentum, J s i = ∂δL/∂Ω i , the rotational collective Hamiltonian is obtained as
The moment of inertia, K is identified from the light soliton sector as K = (m ∆ − m N ) −1 in terms of the nucleon and ∆ masses. Eqn (3.7) can be simplified by noting that the total angular momentum is given as J = J s + G H . Then we arrive at the heavy baryon mass formula 1 :
where the three dots stand for a term which does not split the heavy baryon masses. In deriving (3.8), use was made of the fact that the soliton carries the full isospin of the heavy baryon at the collective level so that J 2 = I 2 . We will see that L heavy in (2.3) leads to χ = 0. Thus we have the final results:
wherein the subscript Q denotes the heavy baryon in which the s quark has been replaced by the heavy quark Q. The equality m(Σ * Q ) = m(Σ Q ) is, of course, expected from the heavy quark spin symmetry.
Finally, we take into account the translational mode, R(t) for the soliton by now setting 10) and similarly treating the light vector fields. Imagining the heavy meson at rest with the soliton moving about it, we have a Schrödinger equation for the relative motion
wherein V (R) is to be identified with (3.4). It will be expanded to quadratic order 
Effects of light vector fields
Here we give details of the calculation, including all three terms in L heavy , (2.3). The α term involves the profile ω(r) and the c term involves the profile G(r). The needed factors for the non zero contributions to the "potential", V (r) are
We expand the profiles around the origin as follows:
where powers were deleted so that the underlying fields are analytic 9 in the Cartesian coordinates. Substituting (4.1) and (4.2) into (2.3) and evaluating the resulting expression in the attractive channel corresponding to wavefunction (3.1) enables us to identify the parameters of the "potential" as
If we choose to evaluate V (r) in the "repulsive" channel mentioned after (3.4), the c and d terms in both (4.3) and (4.4) would be multiplied by −1/3 while the α terms would remain unchanged. It is of course necessary to know the derivatives of the F (r), G(r) and ω(r) profiles which appear above. These are found by solving the coupled differential equations which arise from minimizing the static energy of L light (see (6.6) of ref 12) subject to the boundary conditions (2.7) above. For the typical best fit to meson and light baryon masses these are uniquely characterized by the starting values 20 :
From (4.5) and the differential equations it is straightforward to deduce the next higher derivatives:
Finally, let us justify the vanishing of the χ Ω · τ /2 term in (3.6) which was used to obtain the mass formulas in (3.9). This term might arise when (3.5) is substituted into (2.3). We note that a possible contribution from the d term would involve a factor p 4 and hence a factor γ 4 γ 5 , which has no components in the 2 × 2 subblock for whichHH is non-vanishing. Similarly the relevant factor for the c term involves a factor γ k γ 4 , which also has a vanishing overlap withHH. For the first term in (2.3) we may explicitly check that the operator τ has zero expectation value in the wavefunction (3.1).
Results and discussion
To gauge the accuracy of the heavy quark symmetry we may observe that the vector-pseudoscalar mass differences,which should vanish in the M → ∞ limit, are respectively about 400 MeV, 145 MeV, and 45 MeV for K * − K, D * − D and B * − B. From this point of view, the s-quark should not be considered heavy while it seems quite reasonable to treat the b-quark in this manner.
First let us look at the mass splitting relations (3.9), which are independent of the fine details of the model. Unfortunately there is presently not enough heavy baryon data to check the formula m(Σ * Additional physical quantities may be estimated with the help of the "potential" for the bound state problem; substituting (4.5) and (4.6) into (4.3) and (4.4) yields:
for the typical choice of light particle Lagrangian parameters. This, of course, involves the three light-heavy coupling coefficients d, c and α. The value of d has been discussed in the literature 21 ; bounds are obtained which agree with a simple estimate 16 based on pole dominance of the D → K transition form factor:
where β ≈ 1.0 and we have used 22 F D ≈ 250MeV . We shall adopt (5.2) for definiteness. In contrast we are just at the initial stage for determining the values of c and α; the present model may assist the direct approach from meson weak transition matrix elements in this regard.
At lowest order, V 0 is a measure of the energy which binds the heavy meson and soliton together as a heavy baryon. Allowing for a zero point energy Z for quantum fluctuations, we write
The left hand side is about −780 MeV if we identify Q = b. If we first neglect Z and set α = 1 ("vector meson dominance"), we can get an idea of the value of c by putting (5.1) into (5.3). This gives us c ≈ 1.0, which seems quite reasonable in that it is expected to be of the same order of magnitude as d. Examining the individual terms in (5.1) we see that the pion (d) term is dominant but the ρ meson(c) contribution is 60% as large and also attractive while the omega (α) contribution is 40% as large and repulsive. Of course there can be different fits but this seems to be the typical situation. It is clear that the vector mesons can be expected to play a non-trivial role.
Using the numbers given above we find the parameter κ, which measures the strength of the R 2 part of the collective mode potential in (3.12), to be about 0.22 ≈ 0.5 GeV . As is well known this results in a zero point energy,Z ≈ 0.75 GeV . Such a value is not a small perturbation to the right hand side of (5.3) so one might expect the collective ansatz in (3.10) to be suspicious. It would be more reliable to include the full non-linearities of the soliton profiles as well as to include higher derivative interactions in the light-heavy Lagrangian. This is a future job, but we can at least mention the parameters which will fit (5.3)
to experiment while retaining Z = Since the orbital excitations of the spherical harmonic oscillator are equally spaced at intervals given by the angular frequency, we would expect the first orbitally excited Λ b to be about 0.80 GeV higher for the first fit while about 0.63 GeV higher for the second fit. Another possible future source of information about κ is the Isgur-Wise function for the Λ b → Λ c weak transition form factor. It was shown in ref. 9 that the non-perturbative part of this form factor is simply given by the overlap of the initial and final state spherical harmonic oscillator wave functions:
where the strict M → ∞ limit was taken for simplicity of writing.
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